To fully understand the transport mechanism of Na + /H + exchangers, it is necessary to clearly establish the global rearrangements required to facilitate ion translocation. Currently, two different transport models have been proposed. Some reports have suggested that structural isomerization is achieved through large elevator-like rearrangements similar to those seen in the structurally unrelated sodium-coupled glutamate-transporter homolog Glt Ph . Others have proposed that only small domain movements are required for ion exchange, and a conventional rocking-bundle model has been proposed instead. Here, to resolve these differences, we report atomic-resolution structures of the same Na + /H + antiporter (NapA from Thermus thermophilus) in both outward-and inward-facing conformations. These data combined with cross-linking, molecular dynamics simulations and isothermal calorimetry suggest that Na + /H + antiporters provide alternating access to the ion-binding site by using elevator-like structural transitions. 
a r t i c l e s Na + /H + exchangers (NHE1-NHE9 in mammals) mediate the outward movement of protons (H + ) in exchange for sodium (Na + ) or lithium (Li + ) ions 1, 2 . These transporters are important in regulating intracellular pH, sodium levels and cell volume, and have roles in control of the cell cycle, cell proliferation, cell migration and vesicle trafficking 1, 2 . Na + /H + exchangers belong to the monovalent cation/proton antiporter superfamily (CPA1 and CPA2) and are important drug targets because their dysfunction is linked to a variety of diseases, including cancer and cardiovascular pathophysiological disorders 2, 3 . The Na + /H + antiporter from Escherichia coli (NhaA), a bacterial homolog of the NHEs, was the first crystal structure of a CPA superfamily member to be determined 4 . The structure revealed that Na + /H + exchangers are made up of a central dimer domain and a core (ion-translocation) domain 4, 5 . The core domain contains two antiparallel discontinuous helices, transmembrane (TM) domains 4 and 11, which cross over near the center of the protein. The ion-binding aspartate [4] [5] [6] [7] [8] , a feature ubiquitous among prokaryotic and eukaryotic Na + /H + antiporters 1 , is located on TM5, near the TM4-TM11 crossover. In the crystal structure of NhaA 4 , a negatively charged cavity is formed at the interface of the two domains and provides access to the ion-binding aspartate from the cytoplasm. It has been proposed that the two half helices in the core domain may undergo small rearrangements that close access to the inside cavity and open the binding site to the outside 4, 9 . However, recent comparisons to an outward-facing crystal structure of a homologous Na + /H + exchanger, NapA from T. thermophilus 6 , have suggested that substrate translocation may instead occur by a large outward movement of the core domain itself. Because the size of the oligomerization surface in NapA is extensive (~1,800 Å 2 ), the core domain has been modeled to move against a dimer domain that is fixed, thus yielding elevator-like movements similar to those seen in the trimeric sodium-coupled glutamate-transporter homolog Glt Ph 6, 10 . Although an elevator-like model has been proposed, a detailed mechanism could not previously be resolved because NhaA and NapA have relatively low sequence identity and show some structural differences [4] [5] [6] , particularly in the dimer domain. Indeed, these movements have been questioned in a more recent crystallographic study of the archaeal Na + /H + antiporter NhaP1 from Methanococcus jannaschii (MjNhaP1), which has a topology similar to that of NapA 11 . MjNhaP1 has been solved in an inward-facing conformation by X-ray crystallography, and the structure of the same protein in an outwardfacing state has been revealed through ~6 Å (in plane)-and 14 Å (z direction)-resolution EM maps obtained from two-dimensional (2D) crystals 11 . On the basis of a comparison of these two structures, the core domain has been presumed to undergo much smaller movements, thus ruling out an elevator model and instead supporting the conceptually different rocking-bundle mechanism 11 .
Because NhaA, NapA and NhaP1 proteins share low sequence identity to one another 6 , the extent of rearrangements may differ between these proteins. Even so, the type of alternating-access model used by these and other Na + /H + exchangers should be conserved. It seems that the current ambiguities are likely to be resolvable only by the determination of equivalent or highly homologous Na + /H + -exchanger structures at near-atomic resolution in both outward-and inward-facing states. To confirm the structural basis of ion translocation in Na + /H + exchangers, we therefore set out to obtain a crystal structure of NapA in an inward-facing conformation. The apparent Na + and Li + K m affinities were calculated with a range of ten ion concentrations that were fitted by nonlinear regression with data from two technical repeats (values reported are the mean ± s.e.m. of the fit). For the double-cysteine mutants, the transport kinetics were measured in the presence of 5 mM DTT. a The apparent affinity K m for V31C I130C was also measured for Na + at pH 8.5.
a r t i c l e s npg a r t i c l e s presence of DTT, single-and double-cysteine mutants showed robust transporter activity with apparent Na + and Li + affinities (K m ) similar to that of wild type ( Fig. 1 and Table 1 ). Likewise, after removal of DTT, wild-type NapA and each of the single-cysteine mutants showed similar antiport activities (Fig. 1c,d,g ). In contrast, removal of DTT from proteoliposomes containing the double-cysteine mutant abolished ~90% of its transport activity (Fig. 1e,g ). Re-addition of DTT restored antiport activity to starting levels (Fig. 1e,g ). Thus, a disulfide bond between V31C in the dimer domain and I130C in the core domain can spontaneously form in a membrane environment, in agreement with an elevator-like transport model 6 . To provide further support for an elevator model, we further engineered an SDS-resistant NapA dimer by covalently linking the two protomers together by substituting I55 with cysteine ( Fig. 1a, Supplementary Fig. 1c and Supplementary Data Set 1). Consistently with the dimer domain being fixed during transport, a r t i c l e s the covalently linked dimer showed wild type-like antiport activity under either nonreducing or reducing conditions (Fig. 1g , Table 1 and Supplementary Fig. 1d ).
The inward-facing crystal structure of NapA We obtained crystals of the cross-linked V31C I130C mutant in the absence of any additional oxidizing reagents and in similar crystallization conditions to those of the wild-type NapA protein at active pH (Online Methods). We solved the structure of the cross-linked V31C I130C mutant by molecular replacement at 3.7-Å resolution (Fig. 2a, Table 2 and Supplementary Fig. 2a ). The electron density maps revealed that a disulfide bond forms between residues C31 and C130 (Fig. 2b) . In molecular dynamics (MD) simulations (Supplementary Table 1 ) the backbone r.m.s. deviation (r.m.s.d.) increased to less than 3 Å over 1 µs, thus indicating that the disulfide-trapped structure is stable in a model membrane bilayer (Supplementary Fig. 3a) . We also observed similar r.m.s.d. values and r.m.s. fluctuations in MD after removing the disulfide by replacing C31 and C130 with wild-type residues ( Supplementary Fig. 3a,b) . Furthermore, the disulfide-trapped NapA structure superimposed well onto the inward-facing crystal structure of MjNhaP1 ( Supplementary  Fig. 3c) ; the disulfide bond between residues C31 and C130 appeared to have caused only a local conformational difference at the end of TM1. Strikingly, the strictly conserved ion-binding residues in NapA (D157) and MjNhaP1 (D161) were positioned within only ~1 Å of one another (Supplementary Fig. 3c ). As expected, the outward-facing cavity in NapA had closed, and a vestibule had opened to the inside (Fig. 2c) . Highly conserved residues were clearly surface exposed by the opening of the inward-facing cavity ( Supplementary Fig. 3d ).
The above discussion suggests that the introduction of the disulfide bond does not excessively perturb the NapA structure. To further corroborate this possibility, we carried out isothermal titration calorimetry (ITC). The disulfide-locked protein was able to bind Li + and Na + ions with affinities (K d ) in a similar range as their apparent K m values at pH 8 and 8.5, respectively ( Fig. 2d and Table 1) . Furthermore, NapA, as with all Na + /H + antiporters, shows strict pH-dependent transport activity 12, 13 . Consistently with this, we observed that its ion binding was also highly sensitive to pH (Fig. 2d) . MD simulations of the inward-facing conformation further demonstrated how bulk Na + ions are able to access the strictly conserved ion-binding aspartate D157 from the cytoplasm (Supplementary Fig. 4a ). In the simulations, D157 typically interacts with Na + in a bidendate configuration, whereby both side chain oxygen atoms of the aspartate are within less than 3 Å of the ion ( Supplementary Fig. 4a -e and Supplementary Table 2 ). The manner of coordination of Na + was similar to how thallium binds to the equivalent aspartate in the inward-facing NhaP structure from Pyrococcus abyssi 8 . In MD simulations, we found that no dimer domain residues interact with the Na + ion. This result is consistent with the observation that mutation of the poorly conserved dimer-domain glutamate, which has unexpectedly been observed to coordinate Tl + in P. abyssi NhaP, is not essential for transport 8 . We conclude that the disulfide-trapped structure of NapA is able to bind substrate and is in an inward-facing conformation similar to that seen in homologous Na + /H + antiporter structures 4, 5, 8, 11 .
Outward-facing NapA crystal structure in lipidic mesophase
Because the inward-facing crystal structures of NapA and MjNhaP1 are so similar ( Supplementary Fig. 3c ), the different mechanism proposed is probably a result of the differences observed between the outward-facing crystal structures. Indeed, the 2D structure of MjNhaP1 based on the EM maps has been reported to be less open to the outside than the outward-facing crystal structure of NapA 6, 11 . It is possible that crystallization of NapA in detergent may have contributed to the conformational differences observed between these two proteins 6 .
To confirm that the outward-facing crystal structure of NapA represents a state that can also be populated in a lipid-bilayer, we engineered a different set of cysteine mutants between V71 in the dimer domain and L141 in the core domain; these residues are located ~15 Å apart in the inward-facing structure but come within 5 Å of one another in the outward-facing structure (Supplementary Fig. 1e ). Indeed, in the absence of DTT, a disulfide bond formed with ~90% efficiency between C71 and C141 residues in both detergent solution and proteoliposomes ( Supplementary Fig. 1f ,g and Supplementary Data Set 1). In the presence of DTT, however, the double V71C L141C mutant showed similar antiport activity to that of wild-type NapA ( Table 1 and Supplementary Fig. 1g ). Finally, we proceeded to combine 71C and 130C mutants and, in contrast to the previous pairings, we modeled them to remain at least ~10 Å apart in the two conformations to prevent them from spontaneously forming a disulfide bond (Supplementary Fig. 1e ). In proteoliposomes containing the 71C 130C mutant, we observed little change in antiport activity upon the removal of DTT (Supplementary Fig. 1h ).
To provide additional support for the physiological relevance of the outward-facing NapA crystal structure, we further sought to obtain a structure of NapA at active pH by using the lipidic-cubic phase (LCP) method ( Fig. 3 and Table 2 ). Unlike the NapA crystal structure npg a r t i c l e s obtained in detergent, the structure refined at 2.3-Å resolution in lipids showed bilayer-type crystal packing (Fig. 3b) . Superimposition of the new outward-facing LCP crystal structure with that obtained in detergent 6 showed that the core domain nonetheless adopts the same overall conformation (Fig. 3a) . The main difference between the two outwardfacing structures is that the half helices 11b and 4a are tilted ~6 Å further away from the cavity in the LCP structure, thus making it more open (Fig. 3a) . This difference might be due to the involvement of these helices in crystal packing (Fig. 3b) . In MD simulations, half helices 11b and 4a fluctuated between the positions seen in both outward-facing NapA crystal structures, thus indicating that they are very mobile (Fig. 3c) . The open vestibule in the LCP structure provides an open path for Na + ions to bind to D157 from the extracellular solvent ( Supplementary Fig. 4f-i) . Although binding events were infrequent and short ( Supplementary Fig. 4j ), they nevertheless showed ion-coordination geometry similar to that observed in the inward-facing conformation ( Supplementary Fig. 4a -e and Supplementary Table 2 ).
An elevator alternating-access mechanism for Na + /H + antiport Because the dimer domain is held in place by its interaction with the other protomer, it seems reasonable to assume that the core domain moves against the dimer domain rather than that the dimer moves against the core. To test this assumption, we performed MD simulations of the outward-and inward-facing NapA crystal structures in a model membrane bilayer (Supplementary Table 1 ). Whereas the vertical position (z coordinate) of the dimer domain in the membrane differed by only ~2 Å between outward-and inward-facing conformation, the core domain moved ~6 Å relative to the membrane and ~7 Å relative to the position of the dimer domain (Supplementary Fig. 5) . Thus, the core domain is able to move freely against a dimer domain that can anchor the position of the transporter in the membrane. Analysis of a morph between the outward-and inward-facing NapA crystal structures showed that whereas the dimer domain 'breathes out' only sideways, the core domain undergoes a large rotation and a translation (Online Methods and Supplementary Videos 1 and 2). During this rearrangement, the Cα atom of the ion-binding aspartate (D157) is relocated ~8 Å in the vertical direction ( Supplementary  Fig. 2b,c) . The side chain of D157 further rotates some 55°, which is necessary for the residue to access the inward-facing vestibule ( Fig. 2c and Supplementary Fig. 2c ). The distance between the D157 carboxylate groups in the two opposite-facing states is ~11 Å (Fig. 4b and Supplementary Fig. 2b ). This relocation of the ion-binding site spans a distance roughly equivalent to the thickness of the hydrophobic dimer-domain interface (Fig. 4a) . The elevator-like Figure 3 LCP structure of NapA supports the physiological positioning of the outwardfacing conformation. (a) Electrostatic surface representation of the NapA protomer from the outward-facing structure obtained by vapor diffusion (left) and LCP (middle), as viewed from the extracellular side. Cartoon representation of the NapA outward-facing structure obtained by vapor diffusion (gray, dimer; blue, core) superimposed on the outward-facing LCP structure (brown, dimer; teal, core) (right). The position of the ion-binding site is circled, and additional and nonprotein density at the core-dimer domain interface is modeled as the LCP lipid MAG7.7 (green sticks). (b) Ribbon representation of the outwardfacing NapA structure crystallized in the lipidic mesophase. One NapA dimer structure is shown in yellow, and TM11b, which is likely to form crystal-packing contacts, is shown in red. (c) View on the extracellular face (top) and intracellular face (bottom) of NapA.
Conformations from a 1-µs MD simulation (cyan) of the LCP structure (yellow) and the detergent structure (PDB 4BWZ, pink) as described in Online Methods. A diverse range of snapshots displaying the mobility of half helices TM4a and 11b are shown at varying time points (0 ns to 1,000 ns) and are highlighted by a red dotted ellipse. npg a r t i c l e s movement of the core against the dimer domain is facilitated by long flexible loops that are located between TMs 9 and 10 on the extracellular side and between TMs 6 and 7 on the intracellular side (Online Methods and Supplementary Fig. 6 ). These hinge regions contain a number of glycine residues, G193, G213, G277 and G294, that may facilitate the unwinding of the helices at their connecting periphery. The hinge regions were clearly highlighted when the higher-resolution outward-facing (LCP) NapA structure was represented as temperature factors (Supplementary Fig. 6b ). These hinge regions also showed high per-residue fluctuations in MD simulations (Supplementary Fig. 3b) .
Between the outward-and inward-facing NapA conformations, there is remarkably little structural rearrangement within the core and dimer domain themselves, because separate superimposition of the domains yielded an r.m.s.d. of 0.5 Å for 124 pairs of Cα atoms in the dimer domain and ~1.0 Å for 185 pairs of Cα atoms in the core domain (Fig. 4c) . Within the core domain, residues located on the mobile TM4b and TM11b half helices make most of the contacts to the dimer domain; these contacts are extensive enough to close off the cavity to the outside and inside (Online Methods and Fig. 5a,b) . The small size of the occluding interface was clearly observable when TM4b and TM11b half helices were omitted in a surface representation of NapA (Fig. 5a) . Positively charged residues K344 in TM11b and R133 in TM4b may help to stabilize the alternate conformations by interacting with negatively charged residues in the dimer domain (Fig. 5b) . Indeed, a K344A mutant had a clear negative effect on transport activity, as did the mutation of the intracellular R133 E35 salt bridge between TM4b and TM1, which was rescued by a charge-swapped mutant (Fig. 5c and Table 1 ). As extensively shown in previous studies, ion binding causes the rearrangement of half helices in the core domain 11, 14, 15 . It is likely that in the presence of Na + (or Li + ), the mobile TM4b and TM11b helices move to further accommodate the substrate so that they no longer interact with the dimer domain, thus enabling the core to move in an elevator-like fashion as described. Interestingly, in the outward-facing LCP structure, a number of acyl chains, modeled as LCP lipids, are located between the TM4b and TM11b half helices and the dimer domain ( Fig. 3a and Supplementary Fig. 7a) . It is plausible that in vivo lipids may facilitate the elevator-like structural transitions of the core domain. Such an idea has also been proposed to facilitate transport-domain movements in the glutamate-transporter homolog Glt Ph 16 .
DISCUSSION
Na + /H + antiporters have been extensively studied since West and Mitchell showed, in the 1970s, that H + and Na + transport is strictly coupled 17 . With exchange activity on the milli-to microsecond timescales, Na + /H + antiporters represent one of the fastest-acting known classes of secondary active transporters 8, 11, 18 . At active pH, biophysical and biochemical data support an antiport mechanism whereby Na + (or Li + ) ions compete with protons for a single binding site 7, [19] [20] [21] , which is made up of a strictly conserved aspartic acid and several other polar residues 1,2,4-8, 21 . The structural basis for the ion-exchange mechanism has been unclear. From a comparison of the inward-facing structure of NhaA and the outward-facing structure of NapA, we have suggested that both function through an elevator-like transport mechanism 6 . Elevator mechanisms were first described for the sodium-coupled glutamate-transporter homolog Glt Ph 10 and have since been proposed for various other transporters [22] [23] [24] [25] [26] including bacterial sodium-coupled bile acid-transporter homologs, which have the same fold as the Na + /H + antiporters 27, 28 . The characteristic of this mechanism is that one domain undergoes a large essentially rigid-body movement against the other to carry the substrate across the membrane. This differentiates the mechanism from the rocking-bundle mechanism, wherein the two domains move around the bound substrate (Fig. 6) . Thus, an elevator-like mechanism requires a large conformational change and a vertical displacement of the substrate-binding site.
A comparison of the outward-and inward-facing structures of MjNhaP1 has shown only a small change 11 . Indeed, when the dimer domains of the two structures are superimposed, the Cα atom of Asp161 is displaced vertically by only 1.5 Å (Supplementary Fig. 7b ), The ion-binding aspartate D157 is shown as a sphere in the outwardfacing (green) and inward-facing (yellow) conformations. (c) The core and dimer domains from the different NapA crystal structures are superimposed separately onto each other. Left, outward-facing detergent structure (dark brown, dimer; dark blue, core) superposed on the outwardfacing LCP structure (gray, dimer; teal, core). Middle, outward-facing LCP structure (gray, dimer; teal, core) superposed on the inward-facing NapA structure (light orange, dimer; light blue, core). Right, outward-facing detergent structure (dark brown, dimer; dark blue, core) superposed on the inward-facing NapA structure (light orange, dimer; light blue, core). The respective Cα r.m.s.d. of each superimposition is shown. npg a r t i c l e s which is much smaller than the 10 Å predicted from our previous model 6 . In this study, we trapped NapA in an inward-facing conformation through the introduction of a disulfide bond and solved a crystal structure similar to that of inward-facing MjNhaP1 (ref. 11). We further showed that the disulfide-locked inward-facing NapA mutant is able to bind Na + and Li + ions in a pH-specific manner and measured K d values similar to the respective apparent K m values. A comparison of this structure with the outward-facing structure of NapA (determined from crystals grown in either detergent or lipid) confirmed and refined the large elevator-like structural transitions. The difference between the two studies lies predominantly in the conformation of the outward-facing structure: the conformation derived for MjNhaP1 from the low-resolution EM maps is much less open than that of NapA 11 . Because side chains cannot be modeled at this resolution, it is not possible to ascertain whether the ion-binding site in MjNhaP1 is accessible to the outside. Further, because this structure was determined at inactive pH 11 , the structure of the ion-binding site and possibly the conformation of the core domain may have been affected. Indeed, pH-dependent structural differences have been reported in Na + /H + antiporters including MjNhaP1 (refs. 8, 14, 29, 30) . It seems likely that the overall rearrangements described here for NapA will be similar in other Na + /H + exchangers, because we were able to predict the inward-facing conformation of NapA with reasonable accuracy by using the inward-facing NhaA crystal structure 4 . Indeed, the extent of core movement is very similar to the elevator-like rearrangements described for bacterial sodium-coupled Figure 6 Schematic illustrating the conceptual differences between rocking-bundle and elevator alternating-access mechanisms. (a) In the rocking-bundle alternating-access mechanism, the substrate (red circle) binds between two similarly sized domains (light orange) near the center of the membrane, thereby causing domain rearrangement around the substrate. (b) In the elevator alternating-access mechanism, the substrate (red circle) binds predominantly or exclusively to only one of the domains (light orange), which is then carried across the membrane against the fixed oligomerization domain (dark orange). The vertical displacement of the substrate between the two alternative conformations (relative to the scaffold domain) is likely to be in the range of ~10-18 Å, as seen in NapA 6 and Glt Ph 10, 33 structures. For the sake of simplicity, intermediate and occluded states formed between the two major outward-and inwardfacing conformations are not shown. npg a r t i c l e s bile acid-transporter homologs, although they operate at much slower turnover rates 28 .
Because a Na + -or Li + -bound structure of a Na + /H + antiporter remains to be determined, intermediate and possibly occluded ionbound states have yet to be experimentally resolved. It seems likely that additional structural changes not yet seen in crystal structures or MD simulations are likely to take place. These states will be important for understanding the coupling between conformational states and transport rates. What is known is that numerous studies including cysteine accessibility analysis, tryptophan quenching and 2D crystallography support the local movement of the half helices at active pH and/or upon the addition of substrate 15, 31, 32 . We propose that these ion-and/or proton-induced rearrangements will be a prerequisite for the large structural changes observed here and, as seen in NapA, may further require the breakage of interdomain salt bridges. It is possible that the core domain itself does not readily move against the hydrophobic 'barrier' of the dimer-domain interface surface in the absence of substrate, because of its 'nonfilled' negatively charged ion-binding surface (Fig. 4a) .
Although more studies are clearly required to elucidate the finer coupling of ion binding with the global conformational changes described here, we nonetheless uncovered new atomic-level insights into how an ion exchanger can use large, elevator-like structural transitions to translocate ions across a lipid bilayer.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes.
Coordinates and structure factors for NapA have been deposited in the Protein Data Bank under accession codes PDB 5BZ2 (inward facing) and PDB 5BZ3 (LCP outward facing).
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
Na + /H + cysteine accessibility. To probe for cysteine accessibility, 5 µg of either purified wild-type NapA or cysteine mutants thereof was incubated with 5 mM maleimide-PEG-5K (methoxypolyethylene glycol maleimide; Sigma) at room temperature for 45 min. Incubated proteins were analyzed for reactivity on the basis of a shift in size after electrophoresis on 12% NuPAGE gels (Invitrogen) and staining with Coomassie blue. Cysteine accessibility was further assessed by incubation of 10 µg of either purified wild-type NapA or cysteine mutants thereof with 2 µg of CPM (7-diethylamino-3-(4′-maleimidylphenyl)-4-methylcoumarin; Life Technologies) dye at 40 °C for 15 min. Samples were subjected to SDS-PAGE, and in-gel fluorescent-band intensity (blue light: 480 nm) was used to quantify the level of free sulfhydryl groups. Original images of gels used in this study can be found in Supplementary Data Set 1. Na + /H + antiport activity. Na + /H + antiport activity in proteoliposomes was carried out as described previously 6 . In brief, l-α-phosphatidylcholine lipids (Sigma) were diluted to 10 mg/ml with 10 mM MOPS, pH 6.5, 5 mM MgCl 2 , and 100 mM KCl (MMK) at pH 6.5 and vortexed until mixtures were uniform. Lipids underwent eight cycles of freeze-thawing and were stored at −80 °C until use. Prior to reconstitution, liposomes were extruded through polycarbonate filters (200 nm) and destabilized by the addition of sodium cholate to a final concentration of 0.65% (v/v). Either 100 µg of purified NapA or cysteine mutants thereof were co-reconstituted together with 100 µg of purified E. coli F o F 1 ATP synthase in MMK buffer (10 mM MOPS-NaOH, pH 8.0, 5.0 mM MgCl 2 , and 100 mM KCl) as described previously 6, 36, 37 . Typically, 50 µL of proteoliposomes was diluted into 1.5 mL MMK buffer containing 2.5 nM 9-aino-6-chloro-2-methoxyacridine (ACMA) and 130 nM valinomycin. Fluorescence was monitored at 480 nm with an excitation wavelength of 410 nm in a fluorescence spectrophotometer (Cary Eclipse, Agilent Technologies). An outward-directed pH gradient (acidic inside) was established by the addition of final 0.2 mM (v/v) ATP, as monitored on the basis of change in ACMA fluorescence. After ~3 min equilibration, the activity of wild-type NapA and mutants thereof was assessed by the dequenching of ACMA fluorescence after addition of the indicated concentrations of NaCl or LiCl. Addition of 20 mM NH 4 Cl led to near-complete dequenching. The apparent affinity K m for Na + or Li + was measured at the indicated concentrations in the presence or absence of 5 mM DTT. The data were fitted from duplicate measurements to the Michaelis-Menten equation by nonlinear regression with GraphPad Prism software. The K m values reported are the mean ± s.e.m. of the fit.
To assess the propensity for disulfide-bond formation, antiport activity for wild-type NapA and single-and double-cysteine mutants were first assessed in MMK buffer containing 5 mM DTT essentially as described above, after the addition of saturating 10 mM LiCl 2 . DTT was removed from proteoliposomes containing either wild-type NapA or cysteine mutants by their passage through two G-25 columns (GE Healthcare). Antiport activities under these nonreducing conditions were reassessed by using the equivalent amount of proteoliposomes by the addition of saturating, 10 mM LiCl 2 in MMK buffer without DTT. To confirm that the loss of antiport activity for the double-cysteine mutant was because of disulfide-bond formation rather than a loss of sample, DTT was further added back to proteoliposomes when it had been removed. Each experiment was performed three times from three independent purifications. The data shown represent the mean ± s.e.m. from three technical replicates from one of three independent experiments.
Isothermal calorimetry. All measurements were made on a Micro-200 ITC (MicroCal, Malvern), with an experimental setup similar to that previously described for NhaA 7 . 150 µl of the double-cysteine V31C I130C mutant at 300 µM was diluted to 2 mL in buffer containing 50 mM Bis-Tris-propane, 150 mM KCl, and 0.03% DDM at the desired pH, and was concentrated to ~150 µl with concentrators with a relative molecular-weight cutoff of 100 kDa. This washing step was repeated a minimum of six times. The last flow through was used to dilute a 2 M stock solution of LiCl or NaCl and the protein to the concentrations used for the runs. Disulfide-bond formation was confirmed after these steps by the maleimide-PEG shift assay and ACMA transport assay both before and after the ITC run. Protein at 90-150 µM was loaded into the sample cell, and 15 mM LiCl or 40 mM NaCl was loaded into the injection syringe. The system was equilibrated to 20 °C with a stirring speed of 600 r.p.m. Titration curves were initiated by a 0.5-µl injection and were followed by 2-µl or 2.8-µl injections every 200 s. Background corrections were obtained by injecting LiCl or NaCl into buffer and buffer into protein with the same parameters. ORIGIN 7 was used to integrate, correct and normalize the heat for each injection and fit the data to a single-site binding isotherm with a fixed protein/ligand stoichiometry of 1, excluding the peak from the first injection.
Crystallization and diffraction. Crystals of the double-cysteine V31C I130C mutant were grown at 20 °C with the hanging-drop vapor-diffusion method. 1.2 µl of protein at 15 mg/ml was mixed 1:1 with reservoir solution containing 50 mM glycine, pH 9.5, 0.1 M NaCl, and 34-38% PEG 300. Crystals were dehydrated in 36-40% PEG 300 (2% increments overnight) and subsequently flash frozen in liquid nitrogen before data collection.
For crystallization of NapA in lipidic mesophases, the triple-cysteine mutant (M20C V166C V326C), which has previously been used for determining the outward-facing structure (PDB 4BWZ) and has further been shown to have wild type-like activity 6 , was purified and concentrated to 30 mg/mL and mixed with 7.7 MAG (lot 141MG(7.7)-15, Avanti) with a coupled syringe-mixing device to form the cubic phase at a protein solution/lipid ratio of 1:1 (w/w). Crystallization trials were set up by dispensing 50 nL cubic phase onto a 96-well Laminex glass plate (MD11-50, Molecular Dimensions), which was then covered with 800 nL of precipitant solution 0.1 M MES, pH 6.5, 0.1 M NaSCN, 40% (v/v) PEG 400, with a Mosquito LCP robot (TTP Labtech). Plates were sealed with a Laminex glass cover (MD11-52, Molecular Dimensions) and were stored at 20 °C. 41 . One TLS group was used during the refinement of the inward-facing conformation. The quality of the model was assessed by MolProbity 42 throughout this process. All residues from final models were found in allowed region of the Ramachandran plot, and both structures were ranked in the 100th percentile by the MolProbity server.
Structure analysis. Superimposition, figures and movies were generated with PyMOL (http://www.pymol.org/). The program O 43 was used to calculate the angle through which the core domain of the inward-facing structure needed to rotate to be superposed on the same domain of the inward-facing structure after the respective structures had been superposed on their dimer domains. For this analysis, the domains were first superposed in LSQMAN 44 , such that all matching Cα pairs were less than 3.8 Å apart after superposition. To visualize the positional sequence conservation in NapA outward-and inward-facing structures, the ConSurf server was used with default settings 45 .
Molecular dynamics simulations. All-atom, explicit solvent MD simulations were performed with Gromacs 4.6.5 (ref. 46 ) and the CHARMM36 force field for the protein with the CMAP correction [47] [48] [49] , ions and lipids 50 together with the CHARMM TIP3P water model 47 . The NapA dimer was simulated in an ~4:1 1-palmitoyl-2-oleoylphosphatidylethanolamine (POPE)/1-palmitoyl-2-oleoylphosphatidylglycerol (POPG) bilayer. Simulations of the outward-facing structure were based on the LCP crystal structure. Simulations were also performed with the inward-facing disulfide-linked V31C I130C structure and an inward-facing model of the wild-type protein that was obtained by changing C31 back to V31 and C130 to I130. Simulations were run for 1 µs. Wild-type simulations were independently repeated twice for 0.3 µs, starting from the same initial system conformation but with differing random number seeds. All simulations are summarized in Supplementary Table 1 .
Protein structures were embedded into the model membrane with a coarsegrained self-assembly protocol 51 and subsequent conversion of the lipids to an all-atom representation 52 , as described for our previous simulations of NapA 6 . The total system consisted of about 120,000 atoms in an orthorhombic simulation cell with a free NaCl concentration of ~250 mM. Most titratable residues were simulated in their default charge states, as predicted by PROPKA 3.1 (ref. 53) for pH 7.8, including charged forms of residues D156 and K305 near the ionbinding site. The binding-site residue D157 was simulated in its charged form in the inward-facing and outward-facing conformation, despite a prediction of a neutral charge state in the outward-facing conformation, because our previous work had suggested that it would be charged (deprotonated) when a sodium/ proton antiporter binds a Na + ion 5, 6 .
Equilibrium MD simulations were performed after energy minimization and ~15 ns of equilibration with position restraints (harmonic force constant 1,000 kJ mol −1 nm −2 on all heavy protein atoms). All simulations were carried out under periodic boundary conditions at constant temperature (T = 310 K) and pressure (P = 1 bar). A velocity rescaling thermostat 54 was used with a time constant of 1 ps, and three separate temperature-coupling groups were used for protein, lipids and solvent. A Parrinello-Rahman barostat 55 with time constant 5 ps and compressibility 4.6 × 10 −5 bar −1 was used for semi-isotropic pressure coupling. The Verlet neighbor list with a cutoff of 1.2 nm was updated every 20 steps. Coulomb interactions were calculated with the smoothed particle mesh Ewald (SPME) method 56 with a real-space cutoff of 1.2 nm, and interactions beyond the cutoff were calculated in reciprocal space with a fast Fourier transform on a grid with 0.12-nm spacing and fourth-order spline interpolation. The Lennard-Jones potential was shifted to zero at a cutoff of 1.2 nm, without applying any dispersion corrections 57 . Bonds to hydrogen atoms were constrained with the P-LINCS algorithm 58 (with an expansion order of four and two LINCS iterations) or SETTLE 59 (for water molecules). The classical equations of motions were integrated with the leapfrog algorithm with a time step of 2 fs.
Nonbonded parameters for lipid simulations can be critical, and artifacts have been reported with incorrect choices of these parameters 57 . We carefully selected a set of parameters compatible with the Verlet neighbor-list scheme in Gromacs (which is required for running on GPUs and for high performance with the CHARMM TIP3P water model on conventional hardware) while remaining close to the original values of the CHARMM force field. The simulation parameters were validated with simulations of pure POPC (used for validation instead of POPG) and POPE bilayers of 288 lipids and 50 water molecules per lipid for ~250-ns length, which yielded areas per lipid within 1 Å 2 (POPC) and 3 Å 2 (POPE) of the original CHARMM36 values 50 (data not shown). Furthermore, our values differed from the experimental areas per lipid by no more than 2 Å 2 , thus indicating that our parameter settings in Gromacs produced results of similar quality to the native simulations in CHARMM.
Analysis of molecular dynamics simulations. MD simulations were analyzed with code based on MDAnalysis 60 (http://www.mdanalysis.org/) and MDSynthesis (https://github.com/datreant/MDSynthesis/). The movement of domains was assessed in the coordinate system associated with the membrane. In the MD simulations, the average normal of the bilayer was parallel to the z axis of the fixed simulation coordinate system, and hence we performed all calculations with the z coordinates of the centers of mass of the core and dimer domain and the bilayer itself. Probability distributions f Z (z) of a coordinate Z were calculated as Gaussian kernel density estimates (KDE) from the raw simulation data (obtained at 1-ps intervals). The kernel width of the KDE was chosen according to Scott . In order to calculate the z shift of the core domain relative to the dimer domain between the two crystal structures, it was still necessary to orient the two structures relative to the membrane. We performed the orientation of the crystal structures in two different ways. (i) The dimer domain was superimposed on frames from the MD simulations, and distributions of the z position and the relative shift were calculated as described, yielding ∆Z = 7.2 ± 1.1 Å (mean ± s.d.). (ii) The dimer domain was superimposed on the oriented outward-facing NapA structure (PDB 4BWZ) as provided by the Orientation of Proteins in the Membrane database (OPM, http://opm.phar. umich.edu/) 61 , which uses an electrostatic model and a simple low-dielectric model for the membrane. This static picture yielded ∆Z = 7.1 Å, in full agreement with the analysis based on the orientation of the NapA dimer in the explicit membrane in the MD simulations.
Binding of Na + ions was assessed with a distance criterion: any Na + ion within 3 Å of any carboxyl oxygen atom of either D157 or D156 was considered to be bound; i.e., an ion was considered to be bound if it contained one of the aspartate carboxylates in its first coordination shell. The probability of observing at least one ion within 3 Å of any of the O δ of D157 or D156, P bound (shown in Supplementary Fig. 4 and Supplementary Table 2) was calculated as the bound time divided by the total simulated time. To better estimate P bound , we independently repeated simulations an additional two times for 300 ns. However, small but infrequent conformational changes such as movements of parts of helices 4 and 11 affect binding-site accessibility and binding (for example, the absence of any binding in protomer B in the inward-facing conformation in the 1-µs simulation, as shown in Supplementary Table 2). Such infrequent events are not well sampled, even in 1 µs of simulation. We therefore decided to weigh all simulations equally for the purpose of computing averages of P bound over different initial conditions (Supplementary Fig. 4 ) and therefore used only the first 300 ns of the 1-µs simulations together with the full 300 ns of the two repeats. For the analysis of coordination geometry, all trajectory frames were used that contained a bound Na + ion. The ion-oxygen radial distribution function was computed from all oxygen atoms (protein and water) within 10 Å of the ion. Perresidue contributions (in which all water molecules count as identical) to the first coordination-shell number (oxygen atoms within 3 Å of the ion) were computed as the total residence time of the oxygen in the first solvation shell divided by the total time that an ion was bound. Images showing simulation data were prepared with VMD 62 and the Bendix plugin 63 . 
